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Induction of Germline Transcription in the
TCRg Locus by Stat5: Implications for
Accessibility Control by the IL-7 Receptor
have been suggested to play an important role in re-
arrangement of the loci. Targeted deletion of the respec-
tive enhancers abolishes rearrangement of the TCRb
locus and greatly reduces rearrangement of the IgH, Igk,
and TCRa loci (Hempel et al., 1998). In addition, germline
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thymocytes. Targeted deletion of the TEA promoter re-Kyoto 606-8501
sults in severe impairment of the rearrangement of theJapan
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Injection of neutralizing antibodies to IL-7 or IL-7Ra or
genetic ablation of IL-7, IL-7Ra, or gc leads to a block of
lymphocyte development. While IL-7Ra-deficient mice
Summary have small numbers of B cells and ab T cells in periphery,
they totally lack gd T cells (Peschon et al., 1994; He and
IL-7 receptor (IL-7R) plays critical roles in lymphocyte Malek, 1996; Maki et al., 1996a). IL-7R transmits at least
development by promoting survival and proliferation two types of signal in T and B progenitors (Candeias et
and by inducing V(D)J recombination in TCR and Ig al., 1997b). One signal is for survival and proliferation.
loci. Here, we demonstrate that IL-7R-activated Stat5 For instance, IL-7R induces the expression of Bcl-2 in
binds to consensus motifs in the 59 regions of Jg seg- T cell precursors (von Freeden-Jeffry et al., 1997), and
ments and induces germline transcripts. We also show introduction of a bcl-2 transgene restores ab T cell de-
that a constitutively active form of Stat5 restores V-J velopment in IL-7R-deficient mice (Akashi et al., 1997;
recombination of TCRg genes and partially rescues Maraskovsky et al., 1997). IL-7R also promotes the pro-
T cell development from IL-7R2/2 T cell precursors, liferation of B cell precursors through the activation of
especially in favor of gd T cells. Therefore, this study phosphatidylinositol (PI3) kinase (Venkitaraman and
reveals a potential role of Stat5 in T cell development Cowling, 1994). The second signal from IL-7R is to pro-
and also implies that IL-7R may control the accessibil- mote V(D)J recombination in the IgH and TCRg loci. For
ity of the TCRg locus through Stat5-induced germline example, IL-7R signaling induces germline transcription
transcription. and DNA rearrangement in D-distal V segments in pro-B
cells (Corcoran et al., 1998). The V-J recombination of
TCRg genes is also severely impaired in IL-7Ra-deficientIntroduction
mice (Maki et al., 1996b; Candeias et al., 1997a). Consis-
tent with this, defective germline transcription and DNARearrangements of TCR and Ig genes are mediated by
hypermethylation was observed in the TCRg locus ofconserved recombinational signal sequences and V(D)J
IL-7R-deficient thymocytes (Durum et al., 1998). How-recombinases. The recombinational accessibility model
ever, the precise molecular mechanism govering thesepostulates that in developing T and B cells specific mo-
antigen receptor gene rearrangements remains to belecular mechanisms should exist that make the appro-
defined.priate Ig or TCR loci accessible to the common recombi-
IL-7 binding to IL-7R triggers the phosphorylation andnase activity in a lineage- and stage-specific manner
activation of receptor-associated Jak1 and Jak3 tyro-(Alt et al., 1987; Hempel et al., 1998). However, little is
sine kinases (Leonard and O'Shea, 1998). Following theirunderstood of the process rendering a locus accessible
activation, the Jak kinases phosphorylate the tyrosineto recombinase. The enhancer elements of each locus
residue of IL-7Ra. The signal transducers and activators
of transcription (Stat) proteins (Darnell, 1997), as well as
PI3 kinase, are recruited to the tyrosine residue and‖ To whom correspondence should be addressed (e-mail: ikuta@
subsequently phosphorylated and activated by the Jakmfour.med.kyoto-u.ac.jp).
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Institute of Medical Science, Tokyo 113-8613, Japan. 1995). IL-7R mainly activates Stat5A and Stat5B, and,
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Figure 1. Rearrangement and Germline Tran-
scription of TCRg Genes Is Impaired in the Thy-
mus of IL-7R-Deficient Mice Carrying a Bcl-2
Transgene
(A) Introduction of a bcl-2 transgene does not
rescue gd T cell development in IL-7R2/2
mice. Thymocytes from 3- to 5-month-old IL-
7R1/2 and H2K-bcl-2 IL-7R2/2 mice were
stained by either FITC-CD8 and PE-CD4 (up-
per panels) or FITC-CD3, PE-TCRgd, biotin-
CD4, and biotin-CD8, followed by APC-strep-
tavidin (middle and lower panels). CD4282
cells were gated in the middle panels, and
their CD3 and TCRgd expression was ana-
lyzed in the lower panels. Cell number recov-
ered from each mouse is shown above the
upper panels. The percentage of cells for a
given phenotype is shown.
(B) TCRg gene rearrangement in the thymus
of H2K-bcl-2 IL-7R2/2 mice. ES cell and thy-
mocyte DNA was digested with HindIII, and
a Southern blot was hybridized with a Jg1
probe.
(C) Germline transcripts of TCRg genes in the
thymus of H2K-bcl-2 IL-7R2/2 mice. RNA was
isolated from serially diluted numbers of IL-
7R1/2 and H2K-bcl-2 IL-7R2/2 thymocytes.
cDNA was amplified with specific primers for
germline transcripts (59Jg1-Cg1) and HPRT.
Samples prepared with (1) and without (2)
reverse transcriptase (RT) were compared.
to a lesser extent, Stat1 and Stat3 (van der Plas et al., role of Stat5 in the germline transcription of TCRg genes.
Our results demonstrated that activated Stat5 binds to1996). The phosphorylated Stat proteins then form ho-
mo- and heterodimers through SH2 domain-mediated consensus motifs in 59 regions of Jg segments and in-
duces germline transcripts. We also found that a consti-interactions and translocate into the nucleus. Dimerized
Stat proteins then bind to a consensus binding motif tutively active form of Stat5 induces germline transcrip-
tion, restores V-J recombination of TCRg genes, and(TTCNNNGAA) and activate the transcription of various
target genes (Darnell, 1997). Recently, it was reported partially rescues T cell development from IL-7R2/2 T cell
precursors, especially in favor of gd T cells. Thus, thisthat Stat5 and Stat1 interact with Nmi, an N-Myc inter-
actor, and that Nmi enhances the association of CBP/ study reveals a potential role of Stat5 in T cell develop-
ment and implies that Stat5 may control the accessibilityp300 transcriptional coactivator proteins with Stat1 and
Stat5 to augment IL-2- and IFNg-dependent transcrip- of the TCRg locus by the induction of germline tran-
scripts.tion (Zhu et al., 1999). The transcriptional coactivators
have intrinsic histone acetyltransferase activity and have
been suggested to be involved in the accessibility con- Results
trol of the transcriptional machinery (Utley et al., 1998).
In the meantime, mice deficient in both Stat5A and V-J Recombination and Germline Transcription
of TCRg Genes Is Impaired in IL-7R2/2Stat5B lack growth hormone and prolactin functions
but have relatively normal hematopoietic and lymphoid Thymocytes with a Bcl-2 Transgene
We previously reported that V-J recombination of TCRgdevelopment (Teglund et al., 1998). These mice revealed
that Stat5 is required for the IL-2-induced cell cycle genes is specifically blocked in IL-7R2/2 thymocytes
(Maki et al., 1996b). To reevaluate our previous results,progression of peripheral T cells, by inducing the ex-
pression of cyclin D2, cyclin D3, cyclin A, and Cdk6 we analyzed the thymus of IL-7R2/2 mice carrying a
human bcl-2 transgene driven by the H-2K promoter(Moriggl et al., 1999).
To identify the molecular mechanism of the induction (Domen et al., 1998) (H2K-bcl-2 IL-7R2/2 mice), because
restored ab T cell development would make the resultsof gene rearrangement by IL-7R, we characterized the
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essentially free of contaminating stromal cells. First, the
thymocytes were analyzed by flow cytometry (Figure
1A). While gd T cells were absent from these H2K-bcl-2
IL-7R2/2 mice, ab T cell development was moderately
restored (total thymocyte number increased about
3-fold compared with IL-7R2/2 mice). This result is con-
sistent with our previous results with gc-deficient mice
into which the same bcl-2 transgene was introduced
(Kondo et al., 1997).
Next, total thymocyte DNA was digested with HindIII,
and a Southern blot was hybridized with a Jg1 probe
(Figure 1B). The Jg1 probe revealed not only a 6.6 kb
Jg1 germline fragment but also a Jg3 fragment of 9.0
kb and a Jg2 fragment of 11.7 kb. Concurrently with
a decrease in the intensity of Jg1 and Jg2 germline
fragments, a 3.6 kb Vg1.2-Jg2 and a 1.4 kb Vg2-Jg1
fragment were clearly detected in IL-7R1/1 thymus. Be-
cause gd T cells are a small fraction of total thymocytes,
the majority of the Vg1.2-Jg2 and Vg2-Jg1 recombined
fragments are derived from ab T cells or precursor cells.
On the other hand, no fragment derived from Vg1.2-
Jg2 or Vg2-Jg1 recombination was observed in IL-7R2/2
thymus, as previously reported (Maki et al., 1996b). Extra
fragments, probably derived from partial digestion of
the DNA, were also observed in IL-7R1/1 and IL-7R2/2
thymus. In H2K-bcl-2 IL-7R2/2 thymus, however, a weak
Vg1.2-Jg2 band was detected. The level of this recombi-
nation was far lower than that in the IL-7R1/1 thymus.
Figure 2. Induction of Germline Transcripts of TCRg Genes by Stat5Therefore, this result supports our previous conclusion
in Hematopoietic Cell Linesthat V-J recombination of TCRg genes is specifically
(A) Induction of germline transcripts of TCRg genes by Stat5. Totalimpaired in ab T cells in IL-7R-deficient mice. It also
RNA was isolated from Ba/F3 and NBM-J cells cultured with (1) orsuggested that forced expression of Bcl-2 may have
without (-) cytokine stimulation or with cytokine restimulation (11),
partially rescued a small number of thymocytes under- and Northern blots were hybridized sequentially with Cg1, pim-1,
going Vg-Jg recombination from cell death. It also indi- and GAPDH probes.
cates that Bcl-2 is not the key molecule involved in the (B) Phosphorylation of Stat5 by IL-3 and IL-7 stimulation. Total cellu-
lar extract was isolated from Ba/F3 and NBM-J cells with (1) orV-J recombination of TCRg genes.
without (-) cytokine stimulation and immunoprecipitated with anti-Because germline transcription is observed in the
Stat5 antibody. Western blots were visualized sequentially with anti-antigen receptor loci just before V(D)J recombination,
phosphotyrosine antibody and anti-Stat5 antibody.
indicating the accessibility of the chromatin to the re-
combinational machinery, we next examined germline
transcription from the TCRg locus. Total thymocyte RNA signaling also activates Stat5. These results together
was isolated from IL-7R1/2 and H2K-bcl-2 IL-7R2/2 mice, led us to the hypothesis that Stat5 might induce germline
and Jg1-Cg1 transcripts were amplified by RT-PCR (Fig- transcription from the TCRg locus. To test this hypothe-
ure 1C). We detected a considerable level of the germline sis, we first examined germline transcription in an IL-3-
transcript in the IL-7R1/2 thymocytes. In contrast, the dependent pro-B cell line, Ba/F3, by Northern analysis
transcripts in H2K-bcl-2 IL-7R2/2 thymocytes were with a Cg probe (Figure 2A). Ba/F3 cells showed a promi-
barely detectable. The transcripts of a housekeeping nent level of germline transcription when cultured with
gene, HPRT, were detected at comparable levels. These IL-3. After 6 hr of IL-3 deprivation, they lost most of this
results suggest that IL-7R signaling induces the germ- signal, although a low level of transcripts was detected.
line transcripts from the TCRg locus and may control After 2 hr of IL-3 stimulation, transcription was again
its accessibility. induced. These results were consistent with the previ-
ous reports (Weinstein et al., 1989, 1995).
Next, to test whether germline transcripts of TCRgGermline Transcripts of TCRg Genes Are Induced
by Stat5 in Hematopoietic Cell Lines genes can be induced by IL-7R signaling, we examined
an IL-7-dependent pre-B cell line, NBM-J, by NorthernNext, we wanted to identify the signaling molecules re-
sponsible for TCRg germline transcription. Interestingly, analysis (Figure 2A). NBM-J cells also expressed a high
level of the germline transcripts. After IL-7 deprivation,Jg-Cg germline transcripts were previously reported in
many IL-3-dependent hematopoietic cell lines, such as they downregulated the signal, while after restimulation
they reexpressed the transcripts. These results clearlyFDC-P1 and 32D cells (Weinstein et al., 1989). These
transcripts can be induced by external stimuli, such as showed that IL-7R signaling can induce germline tran-
scription of TCRg genes.IL-3, IL-2, IL-4, GM-CSF, and Epo (Weinstein et al., 1995).
One of the common molecules in the downstream of Finally, a constitutively active form of Stat5A was in-
troduced into the Ba/F3 line by retrovirus-mediatedthese cytokine signalings is Stat5. Significantly, IL-7R
Immunity
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Figure 3. Stat5 Binds to Consensus Motifs
Conserved in 59 Jg Regions
(A) DNA sequence of 59 Jg1 region. Stat con-
sensus motifs, the initiation site of germline
transcription, the nonamer and heptamer re-
combination signals, and the coding region
of Jg1 are shown.
(B) Stat consensus motifs in three 59 Jg re-
gions. Stat consensus motifs in the 59 regions
of Jg1, Jg2, and Jg4 are schematically com-
pared. Transcription initiation sites are esti-
mated from cDNAs and shown by arrows.
(C) Binding of Stat5 to the consensus motif
in 59 Jg1 region.
Nuclear extracts of NBM-I cells stimulated
with IL-7 were incubated with labeled oligo-
nucleotide probes for the middle motif in 59
Jg1 region (site 2) and subjected to EMSA.
The DNA-protein complexes were confirmed
to contain Stat5A and Stat5B by supershift
assay with anti-Stat5A, anti-Stat5B, anti-Stat1,
and anti-Stat3 antibodies. The specificity of
binding was confirmed by competition assay
with excess amount (50-fold) of unlabeled oli-
gonucleotide. Specific binding to the motif is
proven with oligonucleotide probe carrying
mutations in the motif (TTCNNNTCC) (mut2).
gene transfer as previously described (Onishi et al., Stat5 protein was detected in these cells and became
phosphorylated following cytokine stimulation.1998). This active Stat5A is phosphorylated, translo-
cates to the nucleus, binds to DNA, transactivates a We also compared pim-1 transcripts (Figure 2A), be-
cause it is one of the Stat5-inducible genes (Mui etStat5-dependent promoter without cytokine stimulation,
and promotes IL-3-independent proliferation of Ba/F3 al., 1996). Pim-1 transcription correlated well with TCRg
germline transcription. Pim-1 transcripts in Ba/F3 andcells. We detected a high level of germline transcripts
in the transfectants even without IL-3 stimulation (Figure NBM-J cells were almost undetectable after cytokine
deprivation. These results suggest that pim-1 transcrip-2A). This result showed that at least this active Stat5A
can induce TCRg germline transcripts. To confirm the tion is strictly regulated by Stat5. In contrast, TCRg
germline transcription seems to be induced at low levelsexpression and activation of Stat5 protein, we analyzed
Ba/F3 and NBM-J cells by immunoblotting (Figure 2B). even without Stat5 activation.
Roles of IL-7 Receptor in T Cell Development
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Stat Consensus Motifs Are Conserved in the 59
Region of Jg Gene Segments
To analyze the molecular mechanism of induction by
Stat5, we characterized the promoter regions responsi-
ble for TCRg germline transcription. First, we isolated
and sequenced genomic DNA fragments containing the
59 regions of Jg1, Jg2, and Jg4 (Figures 3A and 3B). The
59 end of the germline Jg1-Cg1 transcript was defined
by cloning and sequencing the cDNA from Ba/F3 cells.
The cDNA that reached the 59-most region started from
217 bp upstream of the Jg1 gene segment. Three typical
Stat binding consensus motifs (TTCNNNGAA) were
found at 299, -116, and 2221 bp of the transcription
initiation site (counting the middle nucleotide of the motif
as the location) in the 59 Jg1 region. One Stat consensus
motif was also found in the 59 Jg2 and Jg4 regions.
Because many genes inducible by Stat5, such as a- and
b-caseins and oncostatin M, contain the same motif in
their promoter regions at around -100 bp (Wakao et al.,
1992), we postulated that Stat5 might interact with these
consensus motifs in 59 Jg regions.
Stat5 Binds to the Conserved Motifs in 59
Jg Regions
The coincidence of the binding motifs in three different
59Jg regions led us to the hypothesis that Stat proteins,
activated by IL-7R signaling, bind to these motifs and
induce germline transcription. To test this, we first ana-
lyzed the binding of Stat proteins to their consensus
motifs by electrophoretic mobility shift assay (EMSA)
(Figure 3C). IL-7 stimulation induced binding activity to
the oligonucleotide probe corresponding to the middle
motifs in the 59 Jg1 region, in another IL-7-dependent
pre-B cell line, NBM-I. By incubation with either anti-
Stat5A or anti-Stat5B antibody, this activity showed a
supershift. Excess amounts of unlabeled oligonucleo-
tide blocked the binding. Mutations in the motif also
abrogated the binding capacity of the probes. Neither
anti-Stat1 nor anti-Stat3 antibody showed a supershift
of the binding activity. Similar results were obtained with Figure 4. Transcriptional Activation of 59 Jg1 Fragment by Stat5
the oligonucleotide probes corresponding to the first (A) Schematic illustration of luciferase reporter constructs. The 1.1
and the third motifs in the 59 Jg1 region and the motif kb 59 Jg1 fragment with or without mutated motifs was flanked by
luciferase cDNA.in the 59 Jg2 region (data not shown). Likewise, IL-3
(B) Transcriptional activation of wild-type 59 Jg1 fragment by Stat5.stimulation induced binding activity in Ba/F3 cells. This
Ba/F3 cells were transfected with the mixture of the luciferase re-binding activity also showed a supershift with the anti-
porter plasmid, wild-type (WT) or consitutively active (CA) Stat5A
Stat5 antibodies (data not shown). These results demon- expression vector, and b-galactosidase control vector, and stimu-
strated that Stat5, activated by IL-3 and IL-7 signaling, lated with or without IL-3. Luciferase activity in the whole cell lysate
binds to the conserved motifs in the 59Jg1 region. was normalized with b-galactosidase activity. Data are the mean 6
S.E. of triplicate data points from a representative experiment.
(C) Full transactivation of 59 Jg1 fragment requires three intact con-Stat5 Transactivates the TCRg Promoters
sensus motifs. NBM-J cells were transfected with the luciferaseof Germline Transcription reporter plasmids shown in (A), wild-type Stat5A expression vector
Next, we checked by luciferase reporter assay whether and b-galactosidase control vector, and stimulated with or without
the binding of Stat5 to the motifs results in the induction IL-7. Normalized luciferase activity is shown. Data are the mean 6
S.E. of triplicate data points from a representative experiment.of transcription (Figures 4A and 4B). We first used Ba/
F3 cells, because they give a higher level of transfection
efficiency than other cell lines. A 1.1 kb fragment of 59
Jg1 region was joined to a luciferase reporter gene. prominent transactivation even without stimulation.
These results demonstrated that Stat5 can transactivateThis plasmid DNA was electroporated into Ba/F3 cells
together with an expression plasmid coding for wild- the promoter of 59 Jg1 region in an IL-3-dependent man-
ner. Similar results were obtained with a DNA fragmenttype or constitutively active Stat5A. The cells were
starved for 6 hr and then restimulated with IL-3. Cytokine of 59 Jg2 region (data not shown).
We next checked whether the conserved motifs arestimulation alone induced the expression of reporter
gene. With exogenous wild-type Stat5A, this induction important for this transactivation. Different sets of muta-
tions were introduced in the motifs of the 1.1 kb 59 Jg1was augmented about 3-fold. Active Stat5A caused
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Figure 5. Introduction of Active Stat5 into IL-
7R2/2 T Cell Precursors
(A) Schematic illustration of retrovirus con-
structs.
(B) Expression of IL-7R in Ba/F3 transfec-
tants. Ba/F3 cells infected with GFP or wild-
type IL-7R retroviruses were stained with
biotin-anti-IL-7Ra, followed by Quantum Red-
streptavidin, and analyzed by flow cytometry.
(C) Expression of GFP in fetal liver TER2 cells
after retrovirus infection. T cell precursors
were enriched by depleting TER-1191 ery-
throid cells from E14 fetal liver of IL-7R2/2
mice, infected with retrovirus, and incubated
with SCF and IL-6 for 2 days. Infection effi-
ciency was checked by GFP expression using
flow cytometry.
fragment, and these were tested for Stat5- and IL-7- the constructs expressed the expected proteins, Ba/F3
cells were infected and expression of cDNA analyzeddependent transactivation in NBM-J cells by luciferase
reporter assay (Figures 4A and 4C). Single mutations in by flow cytometry (Figure 5B). Expression of IL-7R was
in proportion to that of GFP. The retrovirus constructsany of the three motifs caused dramatic decreases in
transcription mediated by exogenous wild-type Stat5A. for wild-type and active Stat5A had been tested before
(Onishi et al., 1998). T cell precursors were enriched byDouble and triple mutations led to more profound de-
creases than single mutations. These results suggested depleting TER-1191 erythroid cells from IL-7R2/2 E14
livers. The cells were infected with the retroviruses bythat the interactions of Stat5 with each of the three
motifs in the 59 Jg1 region work in synergy to activate centrifugation and incubated with SCF and IL-6 for 2
days. Infection efficiency was checked by flow cytome-germline transcription. NBM-J cells gave relatively higher
levels of basal transcription than Ba/F3 cells, reflect- try (Figure 5C). GFP1 cells comprised 28%±49% of the
surviving cells. These results demonstrate the high effi-ing the higher level of germline transcripts after cyto-
kine deprivation in Northern analysis (Figure 2A). We ciency of retroviral infection of fetal liver cells.
also obtained similar results with Ba/F3 cells (data not
shown). Active Stat5 Partially Restores T Cell Development
from IL-7R2/2 T Cell Precursors
Next, the retrovirus-infected cells were cultured in aIntroduction of Active Stat5 into IL-7R2/2
T Cell Precursors hanging drop with a 29-deoxyguanosine-treated fetal
thymic lobe for 1 day and transferred onto a filter. AfterNext, we wanted to address the question of whether
activated Stat5 plays a role in the V-J recombination of 11 to 15 days of FTOC, the lobes were dissected and
thymocyte number was counted (Figure 6A, left). OnlyTCRg genes and the development of gd T cells in vivo.
To test this, we introduced the active Stat5 cDNA into small numbers of thymocytes were recovered from the
lobes transduced with GFP vector. In contrast, introduc-fetal liver T cell precursors from embryonic day 14 (E14)
IL-7R2/2 mice and let them differentiate into T cells by tion of IL-7R resulted in a large expansion of thymocytes.
Introduction of wild-type Stat5A slightly increased thehanging drop±fetal thymic organ culture (HD-FTOC). We
used the pMX-IRES-GFP vector, which allows the ex- cell number compared with GFP vector control. On the
contrary, active Stat5A caused a moderate increase inpression of green fluorescence protein (GFP) as well as
a gene of interest (Figure 5A). We prepared three kinds thymocyte numbers, especially at early stages of the
culture.of constructs containing either IL-7Ra, wild-type, or mu-
tant Stat5A. High-titer retroviruses were obtained by This observation prompted us to analyze the differen-
tiation of the thymocytes by surface markers (Figure 6B).transient transfection of packaging cells. To confirm that
Roles of IL-7 Receptor in T Cell Development
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Figure 6. Active Stat5 Partially Restores T
Cell Development from IL-7R2/2 T Cell Pre-
cursors
(A) Total numbers of organ-cultured thymo-
cytes (left panel), numbers of ab T cells (mid-
dle panel), and gd T cells (right panel) from
IL-7R2/2 T cell precursors infected with IL-7R
or Stat5A retrovirus. The cellularity of each
thymic lobe was counted. The mean 6 S.E.
is calculated from three lobes. The total num-
bers of ab and gd T cells were calculated from
the mean total numbers in the left panel and
the percentages of each population in (B) at
day 15 of culture.
(B) Active Stat5 partially restores T cell devel-
opment from IL-7R2/2 T cell precursors. IL-
7R2/2 T cell precursors infected with IL-7R or
Stat5A retrovirus were organ cultured for 15
days and stained with PE-CD4 and APC-CD8
or PE-TCRgd and APC-TCRab. The cells were
pooled from three thymic lobes.
The cultured thymocytes showed various proportions of into ab and gd T cells in the IL-7R-reconstituted lobe.
Introduction of wild-type Stat5A did not restore thymo-GFP1 cells, ranging from 9% to 73%. The levels of GFP
expression tended to become lower in thymocytes than cyte differentiation. On the contrary, constitutively ac-
tive Stat5A induced thymocyte differentiation into abin fetal liver cells, probably because of smaller cell size
or inactivation of viral genome. Therefore, the percent- and gd T cells. However, the absolute numbers of these
ab and gd T cells never reached the levels obtained withages of GFP1 cells were underestimated, especially in
the thymocytes rescued with IL-7R. IL-7R2/2 T cell pre- IL-7R (Figure 6A, middle and right). Interestingly, the
ratio of gd to ab T cells is higher in active Stat5A-rescuedcursors infected with GFP vector gave rise mainly to
CD4282 thymocytes, suggesting that IL-7R deficiency thymocytes than in wild-type IL-7R-expressing cells.
These results suggest that active Stat5 partially restoreshad a profoundly detrimental effect on thymocyte differ-
entiation. In contrast, introduction of IL-7R gave a CD4 the differentiation of gd as well as ab T cells in the
absence of IL-7R, especially in favor of gd T cells. Inversus CD8 pattern similar to adult thymus, demonstrat-
ing that thymocyte development was almost completely another experiment, we also verified the donor origin of
GFP1 thymocytes by CD45.1 and CD45.2 staining (datarecovered. Introduction of wild-type and active Stat5A
slightly promoted the differentiation, giving rise to not shown).
Next, we confirmed the occurence of V-J recombina-small fractions of CD4281 and CD4181 cells. Staining
with antibodies against CD3 and TCRs revealed that tion of TCRg genes in the organ-cultured thymocytes by
PCR (Figure 7A). Vg2-Jg1 and Vg1.2-Jg2 PCR productsvirtually no ab or gd T cells developed from IL-7R2/2 T
cell precursors infected with the GFP vector. In contrast, were clearly observed in the thymocytes with IL-7R and
active Stat5A but not in others. To test whether activesubstantial proportions of the thymocytes differentiated
Immunity
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in the IgH and TCRg loci. Our results show clearly that
active Stat5 can substitute for IL-7R to transmit the
differentiation signal of TCRg recombination. Moreover,
active Stat5 supports ab T cell development from IL-
7R2/2 T cell precursors, suggesting that it has an addi-
tional role in T cell differentiation.
Transcriptional coactivators, such as CBP/p300 and
PCAF, interact with the RNA polymerase II complex and
transcription factors including nuclear hormone recep-
tors and Stat proteins (Janknecht and Hunter, 1996;
Leonard and O'Shea, 1998). By their intrinsic histone
acetyltransferase activity, the transcriptional coactiva-
tors modulate and maintain a transcriptionally active
chromatin structure (Utley et al., 1998). Because Stat5
interacts with CBP/p300 transcriptional coactivators
through Nmi (Zhu et al., 1999), it is conceivable that
Stat5 might also recruit the transcriptional coactivators
to the Jg regions. These coactivators may render the
chromatin accessible by their intrinsic histone acetyl-
transferase activity, not only to the transcriptional ma-
chinery but also to the recombinational machinery. Stat5Figure 7. Active Stat5A Induces the Germline Transcription and V-J
might thereby regulate the recombinational accessibilityRecombination of TCRg Genes in Organ-Cultured IL-7R2/2 Thymo-
cytes of the TCR loci, in particular the Jg regions.
(A) Active Stat5 induces V-J recombination of TCRg genes in IL- We assume that recombinational accessibility of the
7R2/2 thymocytes. DNA was isolated from serially diluted organ- TCRg locus is regulated by at least three steps. First, it
cultured thymocytes at day 16 and amplified with specific primers is probable that the enhancers of the TCRg locus (Eg)
for Vg2-Jg1 and Vg1.2-Jg2. control the general accessibility of the locus, as has
(B) Active Stat5A induces the germline transcripts of TCRg genes in
been described for the TCR and Ig loci. Second, asorgan-cultured IL-7R2/2 thymocytes. RNA was isolated from serially
shown in this study, Stat5 induces germline transcriptiondiluted thymocytes and cDNA amplified with specific primers for
and may regulate the localized accessibility near Jg genegermline transcripts (59Jg1-Cg1), pim-1, and HPRT. Samples pre-
pared with (1) and without (-) reverse transcriptase (RT) were com- segments. Finally, a basic helix-loop-helix protein, E2A,
pared. regulates the fetal (Vg3 and Vg4) to adult (Vg2 and Vg5)
switch of preferential recombination of the TCRg locus
(Bain et al., 1999), probably by regulating accessibilityStat5A induced the germline transcripts of TCRg genes
of the Vg region.in vivo, we checked the organ-cultured thymocytes by
Our results demonstrate that active Stat5A expression
RT-PCR (Figure 7B). Thymocytes with active Stat5A
partially restores ab and gd T cell development from IL-
showed a considerably higher level of 59Jg1-Cg1 germ-
7R2/2 T cell precursors. With control vector, IL-7R2/2 T
line transcripts than those with IL-7R, suggesting that
cell precursors did not differentiate from CD4282 stages,
the active Stat5A specifically induced these transcripts. suggesting that IL-7R plays an essential role in T cell
Pim-1 transcripts showed a similar pattern to the germ- differentiation in the thymus. Expression of constitu-
line transcripts. tively active Stat5A led to a moderate increase of thymo-
cyte numbers. Because this active Stat5A was originally
Discussion isolated by its ability to support IL-3-independent growth
of Ba/F3 cells (Onishi et al., 1998), it probably has some
In this study, we first demonstrate that Jg-Cg germline growth-promoting activity in thymocytes. However, it is
transcripts are induced by activated Stat5 in cytokine- conceivable that this activity alone does not explain the
dependent cell lines. Stat consensus motifs are present partial recovery of T cell development, because consti-
in 59 regions of three Jg gene segments, and activated tutively active forms of fyn, lck, and MKK1 had little
Stat5 binds to these motifs. Using a reporter gene assay, effect on T cell differentiation from IL-7R2/2 T cell precur-
we show that the promoters of Jg germline transcription sors (data not shown). Therefore, we conclude that the
are transactivated by Stat5 and that mutations in the constitutively active Stat5A has specific effects on T cell
Stat consensus motifs abrogate this activity. We further differentiation.
show that active Stat5 induces germline transcription, We demonstrated that active Stat5A induces germline
restores V-J recombination of TCRg genes, and partially transcripts of TCRg genes in IL-7R2/2 thymocytes. We
rescues T cell development from IL-7R2/2 T cell precur- presume that this is one of the reasons for TCRg re-
sors, especially in favor of gd T cells. Therefore, this arrangement and gd T cell development from IL-7R2/2
study reveals a potential role of Stat5 in T cell develop- T cell precursors. However, there may be other mecha-
ment and implies that IL-7R may control the accessibility nisms responsible for ab T cell development. In this
of the TCRg locus by the induction of germline tran- context, it is noteworthy that Stat5 is specifically acti-
scripts. It has been assumed that IL-7R transmits two vated in an lck-dependent manner immediately after
types of signals in T and B progenitors, one for survival TCR stimulation (Welte et al., 1999). It is well known
and proliferation and the other for differentiation. It has that the pre-TCR transmits critical signals for ab T cell
differentiation (Fehling and von Boehmer, 1997). Thesebeen reported that IL-7R promotes V(D)J recombination
Roles of IL-7 Receptor in T Cell Development
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PharMingen. Flow cytometric analysis was performed as describedinclude the inhibition of further rearrangement at the TCRb
(Ikuta et al., 1990). Viable cells were analyzed by a FACSCaliburlocus (allelic exclusion), differentiation from CD4282 to
with CELLQuest software version 3.1 (Becton Dickinson). Debris,CD4181 stage, and the induction of rearrangement at
erythrocytes, and dead cells were excluded from the analysis by
the TCRa locus. Since lck plays an essential role in this forward and side scatter and propidium iodide gatings.
pre-TCR signaling, Stat5 may become activated through
lck and then transmit some of these pre-TCR signals.
Southern and Northern Blot AnalysesConsequently, the active Stat5 may have partially medi-
Thymocyte genomic DNA (20 mg) was digested with HindIII restric-ated these signals in our experiment.
tion enzyme and electrophoresed through 0.7% agarose gel. The
While our study shows that Stat5 plays a role in T DNA was transferred to a polyvinylidene difluoride (PVDF) filter (Im-
cell differentiation in the thymus, mice deficient in both mobilon; Millipore) and hybridized with a 32P-labeled Jg1 probe, a
Stat5A and Stat5B show relatively normal T cell develop- 1.1 kb StyI±HindIII fragment containing the Jg1 gene segment and
its 39 flanking region of genomic DNA from KN6 (Maki et al., 1996b).ment in the thymus (Moriggl et al., 1999). Therefore, it
Total RNA was electrophoresed through 1% agarose gel andis probable that there is a Stat5-independent mecha-
transferred to a nylon membrane (Hybond-N1; Amersham Phar-nism for the induction of TCRg rearrangement and gd T
macia). The membrane was hybridized sequentially with 32P-labeled
cell development. It has been reported that IL-7R can Cg, pim-1, and GAPDH probes. The Cg probe was a 1.4 kb EcoRI
activate Stat1 and Stat3 as well as Stat5 (van der Plas fragment of Tg5 plasmid (Ikuta et al., 1986). The mouse Pim-1 and
et al., 1996). In Stat5A2/2 Stat5B2/2 mice, Stat1 or Stat3 GAPDH cDNA fragments were cloned by PCR. Southern and North-
ern blots were analyzed and radioactivity quantitated using a Bio-may be activated in the place of Stat5 and so induce
image Analyzer (Fujix BAS1500; Fuji Film, Tokyo, Japan).TCRg germline transcripts. Alternatively, Stat5-indepen-
dent basal transcription may be sufficient for a minimum
level of TCRg rearrangement. Immunoprecipitation and Immunoblotting
In this study, we propose a model for the regulation Cells (1±2 3 106) were starved for 6 hr, restimulated for 30 min, and
lysed for 30 min in 1 ml of ice-cold lysis buffer containing 0.2% NP-of germline transcription and accessibility of the TCRg
40. After centrifugation, cell lysate was incubated with anti-Stat5locus by Stat5. We need to emphasize that this mecha-
monoclonal antibody (Santa Cruz Biotechnology). The immune com-nism should not be specific to the gd T cell lineage.
plex was incubated with protein G-Sepharose beads (AmershamRather, it should operate in both ab and gd T cells. After
Pharmacia) and the immunoprecipitate washed and eluted in 23
entry into the thymus, T cell precursors first proliferate SDS loading buffer by boiling. The protein was subjected to 7.5%
by stimuli from c-kit and IL-7R (Rodewald et al., 1997). SDS-polyacrylamide gel electrophoresis (PAGE) and transferred to
a PVDF membrane (Hybond-P; Amersham Pharmacia). The blot wasAt this stage, they may receive a signal from IL-7R to
incubated with anti-Stat5 antibody or anti-phosphotyrosine mono-induce the rearrangement of the TCRg locus. This may
clonal antibody (4G10) (Upstate Biotechnology) and visualized withhelp them to commit themselves to the T cell lineage.
horseradish peroxidase-conjugated rabbit anti-mouse IgG (Cappel)In any case, this mechanism would explain why TCRg
by ECL detection system (Amersham Pharmacia).
genes are rearranged in the majority of ab T cells in the
thymus (Maki et al., 1996b).
Isolation of 59Jg Gene Segments
The mouse Jg1 region was cloned by screening a 129/Sv mouse
Experimental Procedures
genomic DNA library (Stratagene) (Sunaga et al., 1997). An 800 bp
DNA fragment of the 59Jg2 region was cloned by mouse Ge-
Mice
nomeWalker kit (Clontech). A DNA fragment of 1.8 kb between Vg1.1
IL-7R-deficient mice and H2K-bcl-2 transgenic mice were reported
and Jg4 was cloned from mouse thymus by PCR. The 59 end of
previously (Maki et al., 1996a; Domen et al., 1998) and were bred
the germline Jg1-Cg1 transcript was determined by cloning and
on the (129/Ola 3 C57BL/6) hybrid background (CD45´2). MCH´ICR
sequencing its cDNA by Marathon cDNA amplification kit (Clontech).
mice (CD45.1) were purchased from Japan CLEA (Tokyo, Japan).
The sequence of the germline Jg4-Cg4 transcript was reported pre-
The age of fetuses was determined by taking the appearance of a
viously (Weinstein et al., 1989). The 1.1 kb 59Jg1 fragment from an
vaginal plug as day 0. All mice were maintained under the specific
EcoRI site to just before the first ATG of the germline transcript
pathogen-free conditions in the Institute of Laboratory Animals, Fac-
was subcloned by PCR. Mutations were introduced in Stat-binding
ulty of Medicine, Kyoto University.
motifs by PCR-based mutagenesis with an LA-PCR in vitro mutagen-
esis kit (Takara).
Cell Lines, Antibodies, and Flow Cytometric Analysis
The pro-B cell line, Ba/F3, and its transfectants were cultured in
RPMI 1640 medium containing 10% FBS, 50 mM 2-mercaptoethanol, Electrophoretic Mobility Shift Assay
Three micrograms of nuclear extract was incubated for 20 min onand mouse IL-3. IL-3 was prepared as a high-titer culture superna-
tant of an X63 transfectant of a mouse IL-3 expression vector, ice in 30 ml of binding buffer (10 mM HEPES [pH 7.9], 50 mM NaCl,
0.1 mM EDTA, 0.1% NP-40, 0.1 mg/ml bovine serum albumin, andBMGNeo. NBM-I and -J clones were IL-7-dependent pre-B cell lines
isolated by Dr. C.A. Whitlock. They were cultured in RPMI 1640 10% glycerol) containing 2 mg of poly(dI-dC). Two nanograms of
end-labeled oligonucleotide probe was added to the extract andmedium containing 10% FBS, 50 mM 2-mercaptoethanol, and 5 ng/
ml mouse IL-7 (Genzyme). incubated for 30 min at 208C. For supershift assay, the nuclear
extract was preincubated with 1 mg of anti-Stat5A or anti-Stat5BThe following monoclonal antibodies were used. FITC-conjugated
antibodies; 145-2C11, anti-CD3e; 53-6.7, anti-CD8a. Biotin-conju- monoclonal antibodies (Zymed) or anti-Stat1 p84/p91 or anti-Stat3
rabbit polyclonal IgG (Santa Cruz Biotechnology) for 1 hr on ice. Forgated antibodies; YTS 191.1.2, anti-CD4; 53-6.7, anti-CD8a; A7R34,
anti-IL-7Ra; A10, anti-CD45.1; 104, anti-CD45.2. Phycoerythrin (PE)- competition assay, extract was preincubated with 50-fold molar
excess of cold oligonucleotide for 5 min before the addition ofconjugated antibodies: GK1.5, anti-CD4; GL3, anti-gd TCR. Allophy-
cocyanin (APC)±conjugated antibodies: 145-2C11, anti-CD3e; H57- labeled oligonucleotide. The oligonucleotides used as probes were
as follows: 59Jg1´site2´S, 59-AGTGAGTTCCTGGAAATTAAA-39 and597, anti-ab TCR; 53-6.7, anti-CD8a. Biotin-anti-CD4 is from Gibco
BRL. Biotin-anti-CD8 was prepared from serum-free culture super- 59Jg1´site2´A, 59-TTTAATTTCCAGGAACTCAC-39. The mutated probe
contained a mutated motif (TTCNNNTCC) instead of the consensusnatant of the hybridoma. PE-streptavidin and Quantum Red-strep-
tavidin were from Biomeda Corp and Sigma, respectively. Other motif (TTCNNNGAA). The reactions were then resolved by native
5% PAGE.monoclonal antibodies and APC-streptavidin were purchased from
Immunity
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Luciferase Reporter Gene Transactivation Assay pim-1 39-1, 59-CTGGAGTCTGGAATGAGTTG-39;
HPRT 7, 59- CTCGAAGTGTTGGATACAGG-39;Transfection was done by electroporation as described previously
(Onishi et al., 1998). The cells were transiently transfected by electro- and HPRT 9, 59-TGGCCTATAGGCTCATAGTG-39.
poration with 10 mg of luciferase reporter plasmids driven by the
1.1 kb 59Jg fragment (pGL2; Promega) and 2 mg of a b-galactosidase
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